The electrochemical reduction of CO2 to CH4 and C2H4 in aqueous alkaline solutions at Cu electrodes was studied under potentiostatic conditions at -2.00V vs. SCE. The current at the Cu electrodes and the rate of hydrocarbon formation were monitored as a function of time over a temperature range from 0 to 48~ Solutions of formate, formaldehyde, and methanol, possible intermediates in the reduction process, were also electrolyzed. Surface analyses (XPS and AES) were also performed on the Cu electrodes following electrolysis to identify surface intermediates. In addition to hydrocarbon formation, a poisoning process occurred, causing a deposit of a black film on the surface of the Cu cathode. XPS and AES studies indicated that the black film was graphitic carbon, probably the result of a side reaction, the reduction of CQ through formate to graphite. A tentative reaction mechanism for CO2 reduction, based upon the data here and those of previous investigators, involving the reaction path CO2--* CO ~ surface-bound formyl (Cu-HCO) ~ surface-bound methylene (Cu--CH2) --~ hydrocarbon products, is proposed.
We report here electrochemical and surface studies on the electroreduction of CO2 to CH4 and C2H4 at copper foil electrodes in aqueous solutions. The conversion of CO2 to hydrocarbon products is an attractive process for energy storage (CH4) and as an alternative to petrochemical feedstocks (C2H4). The development of this procFss, which may be important when the world's fossil fuel reserves are depleted, has been the subject of many investigations. For example, the catalytic methanation of CO2 by transition *Electrochemical Society Student Member. **Electrochemical Society Active Member. 1Present address: Hercules, Incorporated, Research Center, Wilmington, Delaware 19894. metals (1) and their complexes (2) has been well studied. More recently, efforts have been directed to the photoreduction (3) and electrochemical reduction (4, 5) of CO2 to organic fuels. From studies of heterogeneous gas phase catalytic processes, ruthenium was chosen as the electrode material for the electrochemical reduction of CO2 to hydrocarbon products with high efficiency. Copper metal, on the other hand, is completely inactive as a heterogeneous catalyst for the gas phase hydrogenation of CO, CO2, or CO/CO~ mixtures to CH3OH or CH4 (6, 7), although it is used as a promoter in alloy catalysts (1-3, 6-8). The promoting properties of copper are attributed to participation of a partially oxidized species (8) or to a diluent effect (7) . Although early electrochemical studies indicated that copper was inactive for CO2 reduction to organic fuels, producing only formate (9), Hori et al. (10) reported the electrochemical reduction of CO2 to CH4 and C2H4 from aqueous solutions at copper foil electrodes with high current efficiencies. This initial report has been followed by additional studies (11) (12) (13) (14) (15) . The optimized faradaic efficiency of hydrocarbon production was found to be nearly 100% for short periods of time at a current density of 8.3 mAcm -2 (13) 9 The use of Cu/Nafion electrodes (solid polymer electrolyte Structures) for the gas phase electrochemical reduction was also demonstrated (15, 16) . However, the reaction mechanism of the CO2 to hydrocarbon process has not been elucidated 9 Previous studies of the reduction of CO2 at Cu foil electrodes in aqueous carbonate solutions have shown that:
1. The major hydrocarbon products are CH4 and C2H4, while the minor products are CO and HCOOH, with no detectable formation of CH3OH or H2CO (10); 2. the potential required for the onset of CH4 production is near • vs. SCE, while optimal faradaic efficiencies are found at potentials near -2.0V vs 9 SCE (14); 3. C2H4 production increases with increasing temperature, while CH4 production and overall hydrocarbon formation efficiencies decrease with increasing temperature (10, 14, 15) ; and 4. CO can also be reduced at Cu electrodes with results similar to those obtained with CO2 as a substrate (14, 17) .
The purpose of this study was to investigate the possible reaction mechanisms of this process 9
Experimental
High-purity copper foils (99.999%, Aesar, Incorporated, Seabrook, New Hampshire) were degreased by boiling for lh in CH2C12 (certified ACS grade, Fisher Scientific, Incorporated, Fair Lawn, New Jersey), lh in absolute EtOH (Midwest Grain Products, Perkin, Illinois), and then rinsed with copious amounts of milliQ water (Continental Water Systems, E1 Paso, Texas). Prior to electrolysis, the foils were immersed in 1.0M HC1 to remove any oxidized Cu species (14) and rinsed again with milliQ water. Electrolyses were carried out in a two-compartment cell. The working compartment held the Cu electrode (1 • 1 cm) and approximately 25 ml of solution and was separated from the counterelectrode compartment by a fine porosity glass frit. A platinum flag (2.5 x 2.5 cm) was utilized as an auxiliary electrode in the counter compartment. A saturated calomel electrode (SCE) was used as the reference and was separated from the working solution by a glass frit and an agar-filled (KC1 saturated) isolation chamber.
Carbonate solutions were prepared from KHCO3 (ACS reagent grade, MCB Manufacturing Chemists, Incorporated, Cincinnati, Ohio) and milliQ water. Before each electrolysis, the fresh carbonate solutions were purged with and saturated by vigorous bubbling with CO2 for 30 min. Gaseous CO2 was obtained from the sublimation of Dry Ice and humidified by passing through 0.5M KtICO3 before introduction to the working chamber of the cell. A gas dispersion tube functioned as the gas inlet to the cell and was positioned to allow the CO2 to impinge directly on to the Cu foil cathode. Effluent gases from this continuous flow system were collected in 25 ml aliquots with inverted test tubes filled with, and immersed in, water. Analyses of the hydrocarbon products were performed on a Varian Model 1860 gas chromatograph (Varian Associates, Palo Alto, California) equipped with a flame ionization detector. The chromatographic column, a 6 ft • 1/8 in. od stainless-steel column packed with 80/100 mesh Porapak Q (Alltech Associates, Incorporated, Deerfield, Illinois), was employed under isothermal conditions at 50~ with a He carrier gas flow of 25 ml/min. Quantitation of products was performed by a Hewlett-Packard Model 3392A integrator (Palo Alto, California) on the basis of peak areas with duplicate injections. Accuracy of the assay was checked daily, before and after each experimental run, with a standard mixture of methane, ethylene, and ethane (50, 100, and 50 ppm, respectively) in humidified C02. Sample deviation was less than 5%. Analyses for solution products MeOH and H2CO in the bicarbonate buffers were performed with the same chromatographic column under isothermal conditions at 125~ while trapping agent (allyl alcohol) and product (cyclopropane methanol) studies were run at 200~ XPS spectra were taken on a VG ESCALAB 5 spectrometer, utilizing a Mg anode dissipating 270W. The pass energy of the analyzer was 20 eV in all experiments. Auger (AES) spectra were recorded with the same apparatus with an electron beam energy of 3 keV.
All electrolyses were performed with an EG&G Prince- 
Results
Current efficiency for methane and ethylene formation.--Electrolyses were performed under potentiostatic conditions, while the current and the product concentration in cell effluent were monitored as a function of time. Current efficiencies for hydrocarbon production (CE) from CO2 reduction were calculated on the basis of 8 equiv, consumed per mole methane formed, 12 equiv, per mole ethylene formed, 14 equiv 9 per mole ethane formed, and the ideal gas volume of 22.4 liter/tool. Figure 1 illustrates typical behavior of current and current efficiency vs. time for a Cu foil electrode held at a potential of -2.00V vs. SCE in a 0~ solution of 0.5M KHCO3, with a CO2 flow rate of 45 ml/min. The time profile of total hydrocarbon production showed a steady rise from the start of the electrolysis to a peak after approximately 20 min. This was followed by a rapid decay to nearly zero after 120 rain. The hydrocarbon product in a) 100-....~ 80. methane and ethylene, respectively, (2.9 • 10 -6 mol h -1 cm -2 methane and 3.5 • 10 -~ tool h-' cm -2 ethylene). These rates are comparable to those reported elsewhere under galvanostatic conditions (10) (11) (12) (13) (14) .
XPS analysis.--The
x-ray photoelectron (XPS) spectra of C(ls) on a Cu electrode before and after use in a CO2 electrolysis are shown in Fig. 4 . The "active" electrode is a Cu foil which had been cleaned and had undergone 10 min of CO2 electrolysis at -2.00V vs. SCE at 0~ in 0.5M KHCO3 solution. This active electrode was confirmed, by a gas chromatographic analysis of cell effluent, to be actively reducing CO2 to CH4. The control foil was also cleaned and placed in the 0.5M KHCO3 solution at 0 ~ for 10 min, but no potential was applied. The rest potential of the Cu foil in the carbonate buffer at 0 ~ was ca. -0.1V vs. SCE. The XPS spectrum of the control electrode only showed a transition centered at 284.5 eV. The spectrum of the active electrode contained an additional peak at 287 eV, which appears as a shoulder on the 284.5 eV peak. This same behavior was observed in two separate trials under the same conditions. We ascribe the shoulder to an intermediate in the electrolysis, as discussed below.
Electrolysis of possible intermediates.--The electrolysis of CO, formic acid, formaldehyde, and methanol solutions was also investigated, since they are possible reaction intermediates in the reduction of CO2 to methane. As previously reported (17) , CO was reduced to CH4 at -2.00V vs. SCE in 0.5M K2 HPO4 (pH = 9.4) at 0 ~ The CE vs. time behavior is shown in Fig. 5 . The peak of CE corresponded to 2.0 • 10 -~ mol h -1 cm -2 (3.2 mA partial methane current density). Electrolyses were attempted with 88% HCOOH and 37% CH20 in aqueous solutions, and neat CH3OH, with 1.0M KOH as supporting electrolyte at 0 ~ and a potential of -2.00V vs. SCE. The CE vs. time behavior is shown in Fig.  6 . The electrolysis of a formic acid solution yielded little methane. However, the time profile of methane production was very similar to that observed previously for CO= electrolysis. At the end of the formate electrolysis, a black coating completely covered the surface of the copper foil. This black coating was analyzed by XPS and AES; its spectra are shown in Fig. 7 . The XPS measurement shows a transition centered at 283 eV. Figure 7 illustrates the Auger line shape of the carbon (KLL) on the electrode surface. The electrolytic reduction of formaldehyde proceeded at much lower currents than those observed with CO2 as substrate, and lower faradaic efficiency. The time profile of methane production showed a slow rise to a the cell effluent was mostly methane, with little ethylene observed. Often, at the end of the electrolysis, the foil electrode appeared darker, with a thin black coating along the edges of the foil.
An increase in the temperature to 26~ did not change the shape of the current efficiency vs. time behavior, as shown in Fig. 2 . The CEs were about a tenth of those observed at 0 ~ but the current at 26 ~ was 10 times greater than that at 0 ~ so that the overall rate of hydrocarbon formation was about the same. Ethylene was produced in significantly greater amounts than at 0 ~ comprising ca. 63% of the total hydrocarbon CE, while methane formation was reduced, compared to that at 0 ~ At 48 ~ the behavior of the CE vs. time did not show the early period of increasing efficiency to a peak value (Fig. 3) . Only a rapid decay of efficiency from the beginning of the electrolysis was observed. The currents at 48 ~ were ca. 1.5 times those at 26 ~ (15 times those at 0~ The hydrocarbon product distribution shifted almost completely to ethylene, with little methane formation observed.
At 0 ~ and 26 ~ the peak of CE was reached after 20-25 min of electrolysis. At 0 ~ the peak CE for CH4 production was over 60%, corresponding to a rate of 4.3 • 10 -5 tool h-' cm 2 (a methane partial current density of 9.3 mA cm =). At 26 ~ the peak CE was 1.9 and 3.3% for CH4 and C2H4, respectively, (2.5 • 10 -~ mol h -1 cm -2 methane, and 2,9 • 10 -~ mol h-' cm -2 ethylene). At 48 ~ the CE was 0.3 and 5.3% for steady-state value after ca. 75 min. This rate of hydrocarbon production was maintained for over 5h of electrolysis. After the electrolysis, the Cu foil was as bright and shiny as before the electrolysis. With methanol as a substrate, no methane was detected in the cell effluent throughout the duration of a 90 min electrolysis. The foil also appeared bright and shiny at the end of the methanol electrolysis.
Trapping experiments.--As described below, a possible reaction intermediate is a carbenoid species, represented as Cu~CH2. We attempted to obtain evidence for this species by trapping it with allyl alcohol (CH~-~CH--CH2OH) following the strategy of Ward and Eckerdt (18) , who trapped alkyl intermediates during studies of the Fischer-Tropsch synthesis. Copper-methylene species are soft electrophiles, unable to insert in carbon-hydrogen bonds, but capable of addition to olefins (18, 19) . Allyl alcohol was chosen as the scavenging agent, since the result of MeOH electrolysis suggested that the alcohol functionality would not poison the cathode surface, nor undergo degradation via side reactions at the electrode. We hoped that the copper-bound methylene would add across the olefin to form the cyclopropane derivative CH~CHCH2OH + Cu=CH2--~ CH2--CH--CH2OH \ / CH2 [18, 19] From the detection limits for the cyclopropane methanol GC method, we calculated that a minimum trapping efficiency of 1% was necessary to observe the products of trapped intermediate. That is, we would expect to detect cyclopropane methanol if the agent (allyl alcohol) would scavenge 1% of the total methylene produced during an electrolysis. However, we were unable to detect cyclopropane methanol in the gaseous Cell effluent, or in solution after lh electrolysis of CO2 in the presence of 10% (v/v) allyl alcohol in 0.5M KHCO3.
Discussion.--The overall reaction path from CO2 to CH4 and C2H4 is clearly a complicated one involving electron transfers, protonations, hydrogen atom or hydride additions, C--O bond cleavages, and numerous intermediates. Based on the results obtained here and by analogy with previous experiments, we can only attempt to explain the poisoning of the electrode and give a tentative overall mechanism for the reaction. We propose the mechanism of Scheme I.
The hydrocarbons are generated along with H2 with an essentially constant current for the sum of the reactions as a function of time. The rate of hydrocarbon production, however, shows a time dependence ( Fig. 1 and 2 ) characterized by an induction period, a growth to a maximum rate, and then a decay. Such a pattern suggests the buildup of intermediates in the hydrocarbon generation reaction followed by the poisoning of the electrode reaction. The decay of the hydrocarbon production follows an exponential relation (i.e., the In (methane production) vs. t is linear with a correlation coefficient greater than 0.96 and a slope of 3.62 • 10 -2 rain-'). In the electrolysis of possible intermediates, CO reduction showed a much slower decay, formaldehyde showed essentially no poisoning, while formic acid showed severe poisoning. The poisoning is accompanied by the formation of a black deposit on the Cu electrode surface, which XPS analysis (a C(ls) peak at a binding energy of 284-285 eV) shows is graphitic. This black deposit was observed by other investigators (14, 16), but not by Hori and co-workers (10, ii) because of their short (30 min) electrolysis times. We observed only a slight darkening at the edges of the foil after 150 rain of electrolysis. Our results also indicate that the poisoning process may not become appreciable until 20 min of electrolysis, nearly the length of Hori's experiments. Thus, we propose that the major route to loss of electrode activity is via the formation of formic acid and/or formate (formally by the addition of two H. or H:-to CO2) which is then reduced to graphitic carbon. Hydrogen evolution continues at this very negative potential on the graphite deposit, but CO2 reduction to hydrocarbon, which requires available Cu surface, decreases. If the formic acid/formate route is the major path of electrode poisoning, application of Cu electrodes to CO2 reduction will require elimination of this pathway. It is also possible that impurities that are present in the supporting electrolyte solutions deposit with time onto the Cu cathode and contribute to the observed poisoning. Both CO and formaldehyde can also be reduced to hydrocarbons on a Cu electrode. Thus they seem like reasonable intermediates in the CO~ reduction. CO has been detected in the reduction of CO2 in aqueous solutions (11, 14) and the CO to hydrocarbon rate is comparable to that of CO2 (9b, 14, 17), even though its relative solubility in aqueous solutions is about 1/40 of the CO2 solubility (14, 20) . Recent radiolabel tracer experiments on the interaction of CO2 with clean polycrystalline Cu surfaces (21) may also be relevant. These indicated that CO2 forms a weakly adsorbed CO2 species on Cu, which can be thermally dissociated (at 26~ to adsorbed CO and a surface oxygen species. MeOH is not reduced to hydrocarbons at Cu and is an unlikely intermediate.
There is not much firm evidence for less stable, surface intermediates. We propose the Cu-HCO (surface formyl) species based on previous studies and the XPS results. These kinds of species have been proposed as intermediates in the Fischer-Tropsch process (22) . One reviewer noted that for homogeneous, organometallic model reactions of CO reduction (Fischer-Tropsch synthesis), Herrmann (23) found the formyl -~ hydrido (carbonyl) equilibrium to lie far to the left However, in the very next paragraph of this work, the author warns, "it cannot be ruled out that formyl formation is favored on heterogeneous catalysts ..." (author's italics). This caveat applies to the general problem of nonparallel reaction mechanisms between homo-and heterogeneous processes. Saussey and co-workers (24) presented IR spectroscopic evidence of a surface-bound formyl species at a Cu-ZnO catalyst. Our XPS studies of an electrode that was used, and still active, for CO2 reduction showed a peak at 287 eV (Fig. 4) that is not seen on a Cu electrode treated the same way, but not used for CO2 electrolysis. Previous investigators (25) have attributed a peak at this binding energy to a surface species containing oxygen. Carbide, which has been suggested as an intermediate in CO2 reduction to CH4 at a Ru electrode (26), yields an XPS C(ls) transition below 283 eV (27, 28) . Such a transition was not detected in our studies.
The existence of a Cu=CH~ (surface carbene) species also appears reasonable. This species would be a natural precursor of C2H4 and could form CH4 on reaction with hydrogen atoms. Surface carbene has also been proposed as an intermediate in the Fischer-Tropsch synthesis (29) . Copper metal and copper salt catalysts are commonly used as methylene transfer agents. The results of synthetic product data give strong support for implication of copper-carbene intermediates (19, 29) . Copper carbenoids have yet to be observed spectroscopically because of their high reactivity (29) . Nonetheless, generation of carbenes is usually accomplished through the decomposition of diazoalkanes by copper or copper complexes (19, 29) . Brady and Pettit (30) found that diazomethane (CH2N2) at 1 atm pressure is quantitatively decomposed at Cu metal surfaces over the temperature range 25~176 to C2H4 and N2. They also found that a mixture of H2 and CH2N2 at 150~ on a Cu surface produced ethylene quantitatively. They concluded that Cu, which does not dissociatively chemisorb H2 to form Cu--H, forms surface-bound Cu=CH2 species which dimerizes to C2H4. We were not able to obtain evidence for this Cu=CH2 species by trapping with allyl alcohol. However, the conditions at the Cu surface during electrolysis are very different from those in previous gas phase trapping experiments (18) . The actual steady-state concentration of carbene species, which is both dimerizing to C2H4 and reacting to form CH4, may be too low to produce an adequate amount of trapped product for detection.
We propose that atomic hydrogen, formed via proton reduction, is the active reductant in the production of CH4 from Cu~CH2 and probably in other steps in the reduction of CO2 at Cu. Greuter and Plummer (31) found that H2 does not dissociatively chemisorb on Cu surfaces, but atomic hydrogen does. Their thermal desorption (TDS) experiments showed two peaks at 230 and 300 K. Based on TDS and angle-resolved photoemission spectra, they concluded that atomic hydrogen is only completely desorbed from a Cu (111) surface at about 350 K (77~ These experiments suggest that the lower temperatures employed in the CO~ electrolysis studies favor surface atomic hydrogen species and methane formation, while higher temperatures favor C2H4 and H2 production. Note that the potential of -2.0V vs. SCE employed in these studies is consistent with that needed to form a surface-bound atomic hydrogen. Gas phase experiments with CO2 and atomic hydrogen are currently underway to test the possibility of this route to hydrocarbon formation. The main objective of our work on nonisothermal systems is to develop a general theory for thermoelectricity. By a general theory we mean a theory derived from the laws of delocalized conservation of mass and energy in a system. Final equations shall imply the time dependency of all variables. No use shall be made of the concept of entropy production in the sense of irreversible thermodynamics or of Onsager reciprocal relations. Thus we think the method shall be easy to apply in practice.
Thermoelectric Theory of Electronic Conductors
The conservation laws for mass and energy have been used before to derive the EMF of isothermal systems (1) . By extending the application to nonisothermal cases, we may introduce complications stepwise, i.e., the electronic conductor should be treated before the electrochemical cell. Thus the analyses of the two cases follow consecutively in the present an d next paper (2) .
For electronic conductors, the law of local mass conservation is trivially fulfilled, and we need only consider the conservation of energy to calculate electric potential differences (EMFs). In the thermocell, it is necessary to deal with delocalized mass conservation, too, since charge transfer leads to mass transfer.
The physical basis and the method of derivation is the main message of both works. Specifically it will be shown * Electrochemical Society Active Member. Fig. 1 . A wire of cross section A and length l consists of two different components (conductors). A piece of component 2 is built in between two pieces of component 1, the connections are at x = x12 and x = x21. Assume for t = 0 that temperature, T, is constant along the wire from x = 0 to x = I. At the two ends x = 0 and x = I we apply electric work.
Delocalized energy conservation.--In our test experiment a small charge is passed through the wire. Mass changes do not occur. Conservation of energy in the total system and surroundings is expressed by the first law of thermodynamics (dU/dt) is the time change of the internal energy in Js -1, (dQ/dt) is a flux, the total heat received per unit time by the system in Js -1, dW~j/dt is the electric work supplied per
